Abstract: This paper presents the comparison of two CO 2 datasets from the National Institute for Environmental Studies (NIES) of Japan and the Atmospheric CO 2 Observations from Space (ACOS) of NASA for three years (2010 to 2012). Both CO 2 datasets are retrieved from the Greenhouse gases Observing SATellite (GOSAT) short-wavelength infrared spectra over High gain surface land. In this three-year period, the yield of the NIES CO 2 column averaged dry air mole fractions (XCO 2 ) is about 71% of ACOS retrievals. The overall bias is 0.21 ± 1.85 ppm and −0.69 ± 2.13 ppm for ACOS and NIES XCO 2 , respectively, when compared with ground-based Fourier Transform Spectrometer (FTS) observations from twelve Total Carbon Column Observing Network (TCCON) sites. The differences in XCO 2 three-year means and seasonal means are within about 1 to 2 ppm. Strong consistency is obtained for the ACOS and NIES XCO 2 monthly averages time series over different regions, with the greatest mean difference of ACOS to NIES monthly means over China (1.43 ± 0.60 ppm) and the least over Brazil (−0.03 ± 0.64 ppm). The intercomparison between the two XCO 2 datasets indicates that the ACOS XCO 2 is globally higher than NIES by about 1 ppm and has smaller bias and better consistency than NIES data.
Introduction
Atmospheric carbon dioxide (CO 2 ) is the most important greenhouse gas. The column averaged dry air mole fractions of atmospheric CO 2 (XCO 2 ) has increased dramatically from 280 parts per million (ppm) in the pre-industrial era to 396 ppm in 2013 [1] , most probably due to human activities, such as fossil fuel combusting, land use change, cement production and biomass burning. The resulting warming effect of increasing CO 2 concentration is predicted to lead to a rising surface temperature, rising sea levels and frequent occurrence of extreme weather conditions [2] . To reliably predict the impact of atmospheric CO 2 on global climate change, it is necessary to clarify the distribution and variation of atmospheric CO 2 concentration, as well as its source and sink.
Ground-based observations of greenhouse gas can provide accurate and high-frequent CO 2 measurements. However, their sparse and uneven global distributions lead to large uncertainties in the estimates of CO 2 amount and flux on sub-continental or regional spatial scales [3] [4] [5] . Theoretical studies show that satellite retrieval of atmospheric CO 2 has the potential to significantly reduce Near infrared Sensor for carbon Observation-Fourier Transform Spectrometer (TANSO-FTS) and Cloud and Aerosol Imager (TANSO-CAI). TANSO-FTS is a Michelson interferometer and observes high-resolution spectra in three SWIR bands: 12,900 to 13,200 cm −1 with 0.37 cm −1 spectral resolution, 5800 to 6400 cm −1 and 4800 to 5200 cm −1 with 0.26 cm −1 spectral resolution, and a TIR band: 700 to 1800 cm −1 with 0.26 cm −1 spectral resolution. The instantaneous field view of TANSO-FTS is about 15.8 mrad, corresponding to a nadir footprint diameter of about 10.5 km at sea level. The high spectral resolution spectra recorded by TANSO-FTS are analyzed to produce CO 2 and CH 4 products. TANSO-CAI is a radiometer used to detect optically thick clouds and aerosol inside the TANSO-FTS's field of view. For details on the GOSAT and the instruments, please refer to Kuze et al. [23] .
NIES and ACOS GOSAT XCO 2 Products
The NIES GOSAT XCO 2 data analyzed in this paper are the TANSO-FTS SWIR Level 2 v02.xx XCO 2 product, which was produced by NIES of Japan. The NIES XCO 2 product was retrieved from the absorption spectra within the three SWIR bands and represent XCO 2 of a single measure point. All the column abundances of CO 2 were successfully retrieved and passed the post-screening criteria [11] [12] [13] . After an improvement of the retrieval algorithm from v01.xx to 02.xx, the accuracy and precision of NIES GOSAT SWIR XCO 2 has been improved significantly. The bias and standard deviation of NIES GOSAT v02.xx XCO 2 were estimated to be about −1.48 ppm and 2.09 ppm against the ground-based FTS XCO 2 data from the TCCON sites [12, 13] .
After the loss of the Orbiting Carbon Observatory (OCO), the OCO science team was reformulated as the ACOS team by NASA and was invited to analyze the GOSAT data [15, 16] . The ACOS GOSAT XCO 2 used here was the Level 2 v3.5 XCO 2 retrieved from GOSAT TANSO-FTS SWIR Level 1B data. The ACOS XCO 2 standard product contained all the soundings that converged in the retrieval [16, 24] . According to the recommendations of ACOS Level 2 Standard Product Data User's Guide v3.5, the data screening and bias correction were applied to ACOS XCO 2 before use [24] .
The Main Differences between ACOS and NIES GOSAT XCO 2 Retrieval Algorithms
Although both ACOS and NIES GOSAT SWIR L2 XCO 2 retrieval algorithms are based on the optimal estimation methods [11, 13, 15, 16, [25] [26] [27] , there are still some specific differences between them. The NIES v02.xx retrieval algorithm conducts strict cloud screening and simultaneously retrieves the vertical profile of four typical aerosol species [13] . While there was no similar sensor sensitive to clouds on OCO-2, the ACOS L2 v3.5 retrieval algorithm applied Oxygen-A band only clear-sky retrieval to screen optically thick clouds, and retrieved the profile of two aerosol types and two cloud types simultaneously [15, 24] . These differences in the handling of light scattering may lead to different retrieval results. The CO 2 absorption cross-sections around 2.06 um band were scaled by 0.99 to get more consistent results with the 1.61 um band in the ACOS retrieval algorithm [19] . This could cause large changes in the XCO 2 retrieval results. There were still some differences in the pre-/post-processing between the two retrieval algorithms, such as the solar zenith angles requirements, and the aerosol optical depth (AOD) filtering [13, 15, 16, 24] . These factors could affect the yields of the retrieval algorithm. In addition, to get high quality retrieval results, the ACOS XCO 2 are screened using the updated screening criteria and underwent the bias correction to correct global bias and errors additionally according to the recommendations of ACOS [14, 16, 24] . This could further improve the consistency of the ACOS retrieval with respect to TCCON observations.
Results and Discussion

Comparisons with TCCON XCO 2
In order to quantitatively examine the differences between the ACOS and NIES XCO 2 , the ACOS and NIES XCO 2 datasets are compared with ground-based FTS XCO 2 observations from twelve TCCON sites shown in Table 1 . The ground-based FTS records high spectral resolution (0.02 cm −1 ) direct solar spectra in the near infrared spectrum and the CO 2 column concentrations are determined using the GGG software (GGG 2014, California Institute of Technology, California, CA, USA) based on the nonlinear least squares fitting. The uncertainty of the TCCON XCO 2 is estimated to be about 0.2% [28, 29] . The TCCON data used here are the GGG2014 releases. To get matched data between satellite retrieval and ground-based data, the ground-based FTS data are within ±30 min of GOSAT overpass time and averaged. The satellite retrievals data are collected within a ±3 degrees latitude/longitude box centered at each FTS site. The comparison results are listed in Table 1 , and the bias and corresponding standard deviation of each site are shown in Figure 1 . Table 1 . Summary of comparison of ACOS and NIES XCO 2 versus TCCON observations. Shown are the coincided number n between satellite retrievals and TCCON data, the mean difference d (station bias) and standard deviation std of their difference, and the correlation coefficients r. The global offset, which is averaged d, the regional precision, which is averaged std, the relative accuracy, which is a standard deviation of d, and the mean correlation, which is averaged r, are also given at the bottom of the table. Table 1 , and the bias and corresponding standard deviation of each site are shown in Figure 1 . Table 1 . The TCCON sites are arranged from high to low latitude.
Sites
ACOS-TCCON NIES-TCCON
According to Table 1 , both ACOS and NIES XCO2 are in good agreement with ground-based data from the correlation coefficients, with the mean correlation coefficients of ACOS and NIES with respect to TCCON 0.76 and 0.73, respectively. The station biases of ACOS XCO2 show most positive values with the exception of Bialystok, Lamont and JPL Pasadena, while the NIES XCO2 shows the mostly negative bias with the exception of Karlsruhe, Garmisch and Park Falls sites. In addition, according to Figure 1 , the standard deviation of ACOS is slightly larger than that of NIES for most sites. Figure 2 shows the histograms of differences of ACOS relative to TCCON and NIES relative to TCCON for all TCCON sites. The overall bias for ACOS and NIES are 0.21 and −0.69 ppm, respectively. The standard deviation of XCO2 differences for ACOS (1.85 ppm) is slightly smaller than Figure 1 , the standard deviation of ACOS is slightly larger than that of NIES for most sites. Figure 2 shows the histograms of differences of ACOS relative to TCCON and NIES relative to TCCON for all TCCON sites. The overall bias for ACOS and NIES are 0.21 and −0.69 ppm, respectively. The standard deviation of XCO 2 differences for ACOS (1.85 ppm) is slightly smaller than NIES (2.13 ppm), indicating better consistency and less potential outliers. The relative accuracy, which indicates the relative regional-scale accuracy, is another important error estimate. The relative accuracy is 0.62 ppm for ACOS and 0.93 ppm for NIES dataset, as reported in Table 1 . Through comparison with TCCON XCO 2 , the ACOS dataset is globally higher than NIES by about 1 ppm on average. In addition, the ACOS has smaller bias and standard deviation than NIES. Since the ACOS retrievals underwent recommended bias correction where the bias-correcting variables and coefficients were derived from TCCON and model data [14, 16, 24] , the agreement between ACOS and TCCON data was improved substantially.
Atmosphere 2016, 7, 109 5 of 11 NIES (2.13 ppm), indicating better consistency and less potential outliers. The relative accuracy, which indicates the relative regional-scale accuracy, is another important error estimate. The relative accuracy is 0.62 ppm for ACOS and 0.93 ppm for NIES dataset, as reported in Table 1 . Through comparison with TCCON XCO2, the ACOS dataset is globally higher than NIES by about 1 ppm on average. In addition, the ACOS has smaller bias and standard deviation than NIES. Since the ACOS retrievals underwent recommended bias correction where the bias-correcting variables and coefficients were derived from TCCON and model data [14, 16, 24] , the agreement between ACOS and TCCON data was improved substantially. Table 1 .
Comparisons of XCO2 Yields and Three-Year Averages
As seen in Table 1 , the number of ACOS retrievals matched with TCCON data is significantly more than NIES. In order to compare the yields of ACOS and NIES XCO2 retrievals, Figure 3 presents the monthly numbers of global ACOS and NIES dataset over High gain land surface. Both ACOS and NIES XCO2 datasets plotted in Figure 3 passed the post-screening filters. According to Figure 3 , the yield of NIES XCO2 is averagely 71% of that of ACOS retrievals, with the monthly number rates of NIES to ACOS ranging from 56% to 91%. Multiple factors contribute to the different yields. The NIES retrievals are limited to satellite scenes with solar zenith angles less than 70 degrees, which is less than that of ACOS (85 degrees) [11, 16] and eliminates more NIES soundings in the pre-processing. The strategy and methods for cloud screening in ACOS retrievals differ from NIES and could also lead to different yields [11, 13, 16] . The more rigorous aerosol optical depth (AOD) filter in the NIES post-screening also rejects more retrievals than ACOS [13, 16, 24] . The number of XCO2 retrievals showing a large seasonal variation also can be seen in Figure 3 . This is because the GOSAT soundings with large solar zenith angles in northern high latitudinal regions in winter and early spring are filtered out. The snow-/ice-covered measurements are also removed by the blended albedo filter [13] . Furthermore, the content of desert dust and Asia aerosol is larger in Northern Hemisphere winter and spring and the GOSAT retrievals with high AOD are filtered out [13] . This seasonal characteristic of the desert dust and Asia aerosol could also contribute to the seasonal variations. Figure 4 shows the three-year average of ACOS and NIES XCO2 and their differences (ACOS-NIES) from 2010 to 2012. The XCO2 means are averaged only when there are more than three XCO2 retrievals in each 2.5° × 2.5° latitude/longitude bin. As can be seen, the distribution of XCO2 three-year averages of ACOS and NIES are very similar, with the correlation coefficient between the three-year averages of ACOS and NIES r = 0.73. The highest values are mainly located in East Asia, Central Africa, Northeast North American, and Central South America from both ACOS and NIES averages, indicating intense human activity and large carbon emissions over these regions. Moreover, about 80.3% of ACOS XCO2 means are greater than NIES data as reported in Figure 4c . The mean difference between ACOS and NIES means is about 1.24 ppm with the standard deviation of 1.69 ppm as Table 1 .
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Seasonal Difference between ACOS and NIES XCO2
To analyze the seasonal difference of XCO2 retrievals, the seasonal means of NIES and ACOS GOSAT XCO2 from December 2011 to November 2012 are selected and compared. The twelve months are grouped into four seasons: winter (December, January and February), spring (March, April and May), summer (June, July and August), and autumn (September, October and November). The corresponding XCO2 seasonal means differences and the histograms of differences are shown in Figure 5 . As reported in Figure 5a , more than 80% of the ACOS XCO2 means are greater than NIES for each season. The mean difference between ACOS and NIES XCO2 seasonal means are about 1 ppm with a standard deviation in the range of 1 to 2 ppm. The greatest mean difference of XCO2 occurs in summer and the smallest in winter. 
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Conclusions
The differences of ACOS and NIES GOSAT SWIR XCO2 datasets over High gain land surface for three years (2010-2012) were investigated in this paper. Since both NIES and ACOS XCO2 retrieval algorithms ingested GOSAT SWIR spectra and were based on the optimal estimation methods, good agreement was obtained for the CO2 global distribution, seasonal variation and monthly average time series between them. However, discrepancies still existed in the two XCO2 datasets. The yield of NIES XCO2 was about 71% of ACOS retrievals passing the recommended post-retrieval screening criteria. This was mainly ascribed to difference in the aerosol optical depth (AOD) filtering criteria and the solar zenith degree requirement between the two retrieval algorithms.
The overall XCO2 bias was 0.21 ± 1.85 ppm and −0.69 ± 2.13 ppm for ACOS and NIES, respectively, when compared with TCCON observations. The relative regional-scale accuracy was 0.62 and 0.93 ppm for ACOS and NIES. The ACOS XCO2 three-year means and seasonal means were generally greater than NIES by about 1 to 2 ppm. In addition, the mean differences between ACOS and NIES XCO2 monthly means varied over different regions with the largest difference over China (1.43 ± 0.60 ppm) and the least over Brazil (−0.03 ± 0.64 ppm). The differences in the handling of light scattering in the retrieval algorithms may lead to the difference in retrieval results. Furthermore, the bias correction applied to the ACOS XCO2 retrievals essentially reduced the global bias and enhanced the consistency with respect to TCCON data. The intercomparison between the two datasets indicates that ACOS XCO2 is globally higher than NIES by about 1 ppm and has a smaller bias and better consistency than NIES datasets. This paper provides a reference for the evaluation of NIES and ACOS XCO2 retrieval algorithms and the suitability of the XCO2 products in applications. As can be seen, the ACOS XCO2 is generally higher than NIES retrievals. The difference between these two datasets is significantly large over the China region. It is suggested to further examine the difference of the two products from the aspects of approaches for retrieving cloud and aerosol optical properties, absorption spectroscopy of CO2 and oxygen (O2), as well as instrument characteristics. 
The differences of ACOS and NIES GOSAT SWIR XCO 2 datasets over High gain land surface for three years (2010-2012) were investigated in this paper. Since both NIES and ACOS XCO 2 retrieval algorithms ingested GOSAT SWIR spectra and were based on the optimal estimation methods, good agreement was obtained for the CO 2 global distribution, seasonal variation and monthly average time series between them. However, discrepancies still existed in the two XCO 2 datasets. The yield of NIES XCO 2 was about 71% of ACOS retrievals passing the recommended post-retrieval screening criteria. This was mainly ascribed to difference in the aerosol optical depth (AOD) filtering criteria and the solar zenith degree requirement between the two retrieval algorithms.
The overall XCO 2 bias was 0.21 ± 1.85 ppm and −0.69 ± 2.13 ppm for ACOS and NIES, respectively, when compared with TCCON observations. The relative regional-scale accuracy was 0.62 and 0.93 ppm for ACOS and NIES. The ACOS XCO 2 three-year means and seasonal means were generally greater than NIES by about 1 to 2 ppm. In addition, the mean differences between ACOS and NIES XCO 2 monthly means varied over different regions with the largest difference over China (1.43 ± 0.60 ppm) and the least over Brazil (−0.03 ± 0.64 ppm). The differences in the handling of light scattering in the retrieval algorithms may lead to the difference in retrieval results. Furthermore, the bias correction applied to the ACOS XCO 2 retrievals essentially reduced the global bias and enhanced the consistency with respect to TCCON data. The intercomparison between the two datasets indicates that ACOS XCO 2 is globally higher than NIES by about 1 ppm and has a smaller bias and better consistency than NIES datasets. This paper provides a reference for the evaluation of NIES and ACOS XCO 2 retrieval algorithms and the suitability of the XCO 2 products in applications. As can be seen, the ACOS XCO 2 is generally higher than NIES retrievals. The difference between these two datasets is significantly large over the China region. It is suggested to further examine the difference of the two products from the aspects of approaches for retrieving cloud and aerosol optical properties, absorption spectroscopy of CO 2 and oxygen (O 2 ), as well as instrument characteristics.
